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Abstract- One of the major source of radiated 
EMI is attributed to  power bus resonance in a 
printed circuit board(PCB). A fast algorithm, 
combined with the segmentation method, is ap- 
plied for calculating resonance characteristics 
of a power bus whose pattern consisting of sev- 
eral segments of rectangles and/or right-angled 
triangles. Good agreements between the calcu- 
lated and measured results demonstrate the use- 
fulness and accuracy of the fast algorithm and 
the segmentation method. 
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1. Introduction 
Resonances of the power/ground planes in 
multilayer printed circuit boards (PCB) not 
only cause radiated emission as EM interfer- 
ence, but also affect ground bounce due to 
switching noise in a digital system. Power 
bus resonance characteristics have been inves- 
tigated with various models, such as a full 
cavity-mode resonator model [l], a distributed 
lumped-element equivalent circuit model [2], a 
partial element equivalent circuit (PEEC) ap- 
proach [3] and its extension [4], and numer- 
ical models based on a finite-difference time- 
domain method [5]. Based on the full cavity- 
mode resonator model, a fast algorithm can 
be applied for accurately calculating power bus 
impedance characteristics. The fast algorithm 
Fig.1: Pattern of a power bus for.simulation 
and measurement. 
is attributed to  a closed-form expression for 
the impedance Z-matrix of the power/ground 
planes, which is in the form of a singly infinite 
series [6,7]. This is assuming that the pattern 
of the power/ground planes is rectangular. 
In actual PCBs, the pattern of the 
power/ground planes is usually complicated. 
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In many cases, however, the pattern consists 
of several segments, which have simpler shapes, 
such as rectangles and triangles. In addition, 
a slight difference in the circumference of the 
pattern does not significantly d e c t  the reso- 
nance characteristics, so that the shape of the 
pattern may be approximated with only rect- 
angles and/or triangles. In previously reported 
work [8], the fast algorithm was extented for a 
pattern consisting of several segments of rect- 
angles, using the segmentation method [9]-[ll] 
that was proposed many years ago for analyz- 
ing two-dimensional microwave planar circuits. 
In this paper, the fast algorithm is extented to  
tilayer PCBs. 0 
2. Full Cavity-Mode Model \'I The full cavity-mode resonator model is an analytical description of the impedance matrix 
(Z-parameters) of an unloaded power/ground 
plane structure (a bare board). For a rectangu- 
lar power/ground plane structure with length a 




[cos(ans-) + COS(C~~Z+)] xsinc2(ky,,w) 
CY,, sincu,, 
where sinc(z) = sin(z)/z, /cy, = nx/b ,  a, = 
U Jq, Z& = 1 - (si f z j ) / a ,  (xi, gi) and 
(sj, g j )  are the coordinates of the center of the 
i th  and j t h  ports in the x- and y-directions, 
respectively, w is much less than the wave- 
lengths of interest and represents the port half 
width, h is the dielectric thickness between the . 
power/ground planes, w is radian frequency, 
pd is the permeability of the dielectric, and 
j = a. For simplicity it is assumed here that 
the port sizes in the z- and y-directions for the 
t 
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Fig.3: Comparisons between the calculated and 
measured JSI~J or JSZIJ for the board of Fig.1. 
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i th  and j t h  ports are the same. The constant 
C, is assigned as C, = 1 if n = 0, and C, = 2 
if n # 0. The complex transverse wavenum- 
ber n is obtained as n2 = W2Pd&d - j2w&d&/hI 
where Zs represents the surface impedance of 
the power/ground conductors. To obtain suffi- 
ciently accurate resonance characteristics, both 
the dielectric loss and the conductor loss of the 
copper layers must be taken into account. The 
dielectric loss naturally appears in the imagi- 
nary part of the dielectric constant E d ,  while 
the conductor loss is incorporated into the sur- 
face impedance 2, of the conductors. 
_---- Calculated 
For a equilateral right-angled triangular 
power/ground plane structure with length a ,  
making use of the relation between the Green's 
functions of a right-angled triangle and a 
square [12], the transfer impedance between 
two ports on a right-angled triangle can be ex- 
pressed in terms of the corresponding ones on 
a square (a rectangle with the same length and 
width a = b )  as 
Z y ( z i ,  yi, zj ,  yj) = Z$=)(Zi, yi, zj, yj) 
+ ~ ~ ~ ) ( ~ - z ~ , a - y i , x ~ , y j )  ( 2 )  
Using the segmentation method, the expres- 
sions given above for a rectangle and a right- 
angled triangle can be easily applied to those 
geometries which result from the connection 
of rectangles and right-angled triangles. The 
details for the segmentation method can be 
found In a previous work [8]. When the board 
is loaded with passive components or active 
devices, the impedance characteristics of the 
loaded board can be analyzed by considering 
the loaded board as a multi-port circuit net- 
work interconnected by the Z-matrix elements 
of the corresponding bare board [6]. 
3. Results and Comparisons 
The overall scattering S-matrix can easily be 
obtained from the overall Z-matrix. To check 
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Fig.4: Comparisons between the calculated and 
measured Is111 or IS211 for the board of Fig.3. 
and measured results for S11 at the port 1 and 
,921 from the port 1 to  the port 2 are plotted in 
Fig.3, for the equilateral right-angled triangu- 
lar board (the thickness h = 1.6mm, the dielec- 
tric constant E~ = 4.3 - j 0.086) shown in Fig.2. 
Very good agreements between the calculated 
and measured ones can be observed. 
In practical PCBs, more complicated power 
bus geometries are often encountered. The pat- 
tern in Fig. 1 is an example of such complicated 
ones. Using the fast algorithm and combining 
with the segmentation method as the segments 
(seven rectangles and three right-angled trian- 
gles) shown in Fig.1, the calculated 2311 and S21 
are compared with the measured ones in Fig.4. 
The claculated results agree well with the mea- 
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sured ones. The computation time is about 
3 minutes in a computer with dual 933MHz 
CPU, for 1000 frequency points. 
4. Conclusions 
Resonance characteristics of a power bus 
whose pattern consists of several segments of 
rectangles and right-angled triangles can be 
analyzed by using the fast algorithm based 
on the full cavity-mode resonator model and 
the segmentation method. Good agreements 
between the calculated and measured results 
have demonstrated the usefulness and accu- 
racy of the fast algorithm and the segmenta- 
tion method. 
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